Abstract. High oxygen tension caused by neovascularization in the microenvironment of intervertebral discs (IVDs) is associated with the pathogenesis of IVD degeneration (IDD). Pre-mRNAs undergo alternative splicing (AS) to produce structurally and functionally diverse mRNA and proteins. However, the precise role of high oxygen tension in IDD and the relationship between AS and high oxygen tension in disc cells remain unknown. To investigate the effect of high oxygen tension on disc cells, Affymetrix Rat Transcriptome Array 1.0 was used to determine differentially expressed genes (DEGs) and alternative splicing genes (ASGs) in rat nucleus pulposus (NP) cells treated with 20% O 2 . NP cells at 1% O 2 served as the control. PCR was used for validation. GO and KEGG pathway analysis was performed. Furthermore, the reactive oxygen species (ROS) production, growth, cell cycle and matrix metabolism of NP cells were also investigated. In total, 2499 DEGs and 8451 ASGs were identified. Various GO terms and KEGG pathways were potently associated with IDD, including autophagy, mTOR signaling pathway and angiogenesis. Especially, high oxygen tension increased ROS production in NP cells. It also accelerated the matrix metabolism of NP cells and induced NP cell cycle arrest to retard cell growth. This study, for the first time, analyzes the transcriptome and AS of NP cells in response to high oxygen tension, indicating that high oxygen tension is involved in the establishment and progression of IDD through its wide effects on the viability and function of disc cells.
Introduction
Intervertebral disc (IVD) degeneration (IDD) is widely known as a main contributor to low back pain (LBP) that is prevalent worldwide (1, 2) . The etiological factors of IDD involve aging, smoking, infection, abnormal mechanical stress, diabetes, trauma and genetic predisposition (3) (4) (5) (6) (7) (8) . Degenerative discs are structurally characterized by disc space collapse, nucleus pulposus (NP) dehydration, annulus fibrosus (AF) fissures and cartilage endplate calcification. Consideration of massive socio-economic burdens caused by IDD-associated LBP, elucidating the causes and pathogenesis of IDD in detail benefits developing new measures for the prevention and treatment of LBP.
The pathogenesis of IDD is complicated. The microenvironment of IVDs is hypoxic but not entirely anaerobic (1% O 2 in central NP) (9, 10) . Resident disc cells survive well in this hypoxic microenvironment and still have oxygen-consumption metabolic processes (11) (12) (13) . With IDD progression, neovascularization in discs increases oxygen tension in the microenvironment of IVDs (14, 15) . High oxygen tension is expected to enhance reactive oxygen species (ROS) production and subsequently to cause oxidative stress in the microenvironment of IVDs, which is strongly associated with the establishment and progression of IDD (16) (17) (18) . However, the role of high oxygen tension in the pathogenesis of IDD remains to be a relatively poorly explored area. Furthermore, IDD is a disc cell-mediated pathological process (19, 20) . The initiation and progression of IDD depend on the viability and function of disc cells. Although high oxygen tension has been shown to reinforce the matrix catabolism and autophagy of NP cells (21, 22) , the effect of high oxygen tension on the viability and function of disc cells and the molecular mechanism underlying the effect should be investigated further in depth to elucidate the involvement of high oxygen tension in the pathogenesis of IDD.
Alternative splicing (AS) is a regulatory process by which the exons of pre-mRNAs are spliced in different ways to synthesize structurally and functionally diverse mRNA and proteins. Approximately >90% of multiexonic genes undergo AS regulation. It is crucial to increasing the macromolecular and cellular complexity of eukaryotic organisms without extending genome size (23) (24) (25) . The types of AS that are responsible for RNA isoform generation includes cassette alternative exon (exon skip or inclusion), intron retention, alternative 5'/3' splice sites, mutually exclusive alternative exons, alternative promoter and first exon as well as alternative poly-A site and terminal exon. Among them, cassette alternative exon is the most common AS event and has been investigated extensively (25) . AS has been reported to be involved in various diseases, including autoimmune disease, neurodegenerative disease and carcinoma (26) (27) (28) . With respect to IDD, the AS of fibronectin, thrombospondins and versican has been determined to be associated with matrix remodeling of degenerative discs (29) (30) (31) . However, the role of AS in the pathogenesis of IDD remains unclear. Besides, AS probably is an essential mechanism mediating the effect of high oxygen tension on disc cells.
In the present study, in order to investigate the transcriptome and AS of disc cells in response to high oxygen tension, rat NP cells were cultured at 1% O 2 , and then were treated with 20% O 2 (high oxygen tension). After that, total RNA of NP cells was extracted to perform microarray assays using the Affymetrix Rat Transcriptome Array 1.0. A comparative analysis between NP cells at 1% O 2 and NP cells treated with high oxygen tension was performed to determine differentially expressed genes (DEGs) and alternative splicing genes (ASGs). The function of DSGs and ASGs was annotated through Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Moreover, increased ROS production induced by high oxygen tension was observed in NP cells. We also analyzed the growth, cell cycle distribution and matrix metabolism of NP cells to support the results of microarray further. Our study revealed the functional role of high oxygen tension in NP cells on genome-wide scale. Also, we investigated the regulatory effect of high oxygen tension on AS of NP cells, suggesting the involvement of AS in the pathogenesis of IDD. This study contributes to understanding the regulatory effect of high oxygen tension on NP cells, which gives a novel insight into the establishment and progression of IDD.
Materials and methods
Ethics statement. This study was approved by the Ethics Committee of Xinqiao Hospital, Third Military Medical University. All experimental procedures described in this study were in accordance with the standards set forth in the eighth edition of Guide for the Care and Use of Laboratory Animals published by the National Academy of Sciences (The National Academies Press, Washington, DC, USA). The global gene expression profile and alternative splicing exons (ASEs) of NP cells were analyzed using RTA 1.0 (Affymetrix Corp., Santa Clara, CA, USA). The hybridization, scanning and data extraction of microarray were performed in Bioassay Laboratory of CapitalBio Corp. according to the protocol provided by Affymetrix Corp. Concisely, the fluorescence signals of microarray scanned as DAT files were transformed into CEL files via the AGCC software (Affymetrix Corp.). Then, Affymetrix Expression Console software pretreated CEL files through robust multichip analysis algorithm to obtain chp files (32) . The chp files were analyzed by Affymetrix Transcriptome Analysis Console software to determine DEGs and ASGs. DEGs were identified according to fold changes (fold change ≥2 or ≤-2) and p-value (p<0.05). ASGs were identified according to splicing index (SI, SI ≥2 or ≤-2) and p-value (p<0.05). SI is the ratio of the exon signal intensities normalized to the gene signal intensities between the high oxygen tension-treated group and the control group. It generally represents the exon exclusion/inclusion level (33, 34) . Herein, SI ≥2 is regarded as general exon inclusion while SI ≤-2 is regarded as general exon exclusion. GO analysis (http://www.geneontology.org) and KEGG pathway analysis (http://www.genome.jp/kegg) were performed to identify the cellular components, molecular functions, biological processes and signaling pathways enriched by DEGs or ASGs.
NP

Reversed transcription-quantitative PCR (RT-qPCR) and semi-quantitative RT-PCR.
Total RNA of NP cells were extracted using TRIzol reagent. The concentration of RNA was measured using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). One micro-gram of RNA was reversely transcribed into cDNA using a PrimeScript RT reagent kit (Takara Bio) according to the protocol provided by the manufacturer. For semi-quantitative RT-PCR, 1 µl cDNA was used for each reaction. The primers of target exons were designed based on constitutively expressed exons flanking the target exons (Table I) . Glyceraldehyde 3-phosphate dehydrogenase GAPDH served as the internal reference gene. The representative ASEs for semi-quantitative RT-PCR validation were selected according to three criteria: i) |SI| >3, ii) cassette alternative exon and iii) for the feasibility of primer design, not the first and the last alternative exons. On the other hand, a ViiA™ 7 Real-Time PCR system (Applied Biosystems, Thermo Fisher Scientific) was used to perform real-time quantitative PCR in triplicate. Twenty microliters SYBR ® Premix Ex Taq™ II (Takara Bio) reaction volume was composed of 10 µl SYBR, 6 µl H 2 O, 0.4 µl ROX, 0.8 µl forward primer, 0.8 µl reverse primer and 2 µl cDNA. The cycle parameters were 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. The relative fold changes of target genes were analyzed according to the 2 -ΔΔCt algorithm (35) . The internal reference gene was GAPDH. The primers of target genes used in this study are listed in Table II . MMP13  TACGAGCATCCATCCCGAGACC  TGAACCGCAGCACTGAGCCT  BMP3  AGCCTTCAGACTCAGCCTCCTG  TCGCCTCGCCTTCTTCAGTGT  BMP4  GACTTCGAGGCGACACTTCTGC  GGTTCCCTGGCTCTGCTCTTCT  Neuropilin 1  TCGGTGGGATTGCTGTGGATGA  TGCCTGGCTTCCTGGAGATGTT  ADAMTS5  GCTCCTCTTGGTGGCTGACTCT  GCGTTCTTGCTCACCTCCAGAC  p15  GGCTTCCTGGACACGCTAATGG  ATATCACGGTGGCCCTGCTCTT  GAS1  TTTCTGCTGCTCCTGCTGCTTG  GGGTCAGTGCTCCCGATCATCT  Nox4  CGCACAGTCCTGGCTTACCTTC  GGCAGCTACATGCACACCTGAG  PCNA  CGCAACTCCGCCACCATGTT  TTCACGCCGCCCGAACTGAT  VEGFA  TCACCACCACACCACCATCGT  ATCCAGTTCCACGAGGGACCAC  Cyclin I  AGCAGCCTTCCACCTCCATCTC  AGCCGCTTGATCCCGTCATACA  GDF15  CCTGCTGTTCCTGCTGCTCTTG  TAGCTCGTCCGGGTTGAGTTGG  GPX1  AGGCTCACCCGCTCTTTACCTT  TGGAACACCGTCTGGACCTACC  Aggrecan  ATCCGCTGCTCCAGAAGTGAGT  ACGGTGGTGCTGACGGTAACA  Collagen type II  CATGAACGGCGGCTTCCACTT  GCTTCGTCCAGGTAGGCAATGC  HIF-1  CGCAACTGCCACCACTGATGAA  GGCTGTCCGACTGTGAGTACCA  GAPDH  GTCCATGCCATCACTGCCACTC  GATGACCTTGCCCACAGCCTTG MMP13, matrix metalloproteinase 13; ADAMTS5, a disintegrin and metalloproteinase with thrombospondin motifs 5; BMP, bone morphogenetic protein; Nox4, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4; GAS1, growth arrest specific 1; PCNA, proliferating cell nuclear antigen; VEGFA, vascular endothelial growth factor A; GDF15, growth and differentiation factor 15; GPX1, glutathione peroxidase 1; HIF-1, hypoxia inducible factor-1. ROS detection. 2' ,7'-Dichlorfluorescein-diacetate (DCFH-DA) is oxidized by ROS to generate dichlorofluorescein (DCF) with high fluorescence. Therefore, ROS production in NP cells was detected using DCFH-DA (Sigma). NP cell suspension was incubated with H2DCF-DA (25 µM) dissolved in phosphate-buffered saline (PBS) at 37˚C and 5% CO 2 for 30 min followed by washing with serum-free DMEM/F12 three times. The mean fluorescence intensity (MFI) of DCF in NP cells was detected using a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Western blot analysis. NP cell proteins were extracted using the extraction reagent (Thermo Fisher Scientific).
Proteins were quantified using a BCA kit (Beyotime, Shanghai, China) and were dissolved in loading buffer (Invitrogen). After electrophoresis on 10% (w/v) sodium dodecyl sulfate-polyacrylamide (SDS) gels, proteins were transferred to polyvinylidenefluoride (PVDF) membranes (Millipore, Billerica, MA, USA) followed by incubation with 5% milk proteins in Tris-buffered saline containing 0.1% Triton X-100 at 37˚C for 1 h. Next, the membrane was incubated with primary antibodies against GAPDH (Fig. 1) . The expression of MMP13, ADAMTS5, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (Nox4), cyclin-dependent kinase inhibitor 2B (p15), bone morphogenetic protein 3 (BMP3), BMP4, growth arrest specific 1 (GAS1) and neuropilin 1 was significantly upregulated together with the markedly downregulation of vascular endothelial growth factor A (VEGFA), cyclin I and glutathione peroxidase 1 (GPX1). GO analysis was performed to annotate the functions of DEGs. Many GO terms were related to the carbohydrate metabolism of NP cells, such as carbohydrate biosynthetic process, glycolytic process, gluconeogenesis and pyruvate metabolic process. Fig. 2A showed the top 10 biological responses enriched by DEGs in NP cells treated with high oxygen tension.
KEGG pathway analysis showed that various pathways were involved in the response of NP cells to high oxygen tension, including protein processing in endoplasmic reticulum, carbon metabolism, mTOR signaling pathway and PI3K-Akt signaling pathway. The top 10 KEGG pathways enriched by DEGs are shown in Fig. 2B .
Analysis and functional annotation of ASGs induced by high oxygen tension.
According to the filter criteria, 27004 ASEs derived from 8451 ASGs were identified. Among them, 10434 ASEs underwent general exon inclusion (SI ≥2). 16570 ASEs underwent general exon exclusion (SI ≤-2). 87.5% (23619/27004) of ASEs were derived from 54.6% (4616/8451) of ASGs, suggesting that a gene contains multiple ASEs in NP cells. For example, both aggrecan and ADAMTS5 had 7 ASEs, respectively. Furthermore, 1986 of the 8451 ASGs were differentially expressed. Semi-quantitative RT-PCR results of 10 representative genes are shown in Fig 3. Nine of the 10 genes had cassette alternative exons.
GO analysis showed that various biological processes were enriched by ASGs, including cellular macromolecule metabolic process, macromolecule modification, cell cycle, cellular response to oxidative stress, stress-activated MAPK cascade, angiogenesis, cell aging and regulation of autophagy. Fig. 4A showed the top 10 biological processes enriched by ASGs in NP cells treated with high oxygen tension. Moreover, several KEGG pathways associated with pathogenesis of IDD were enriched by ASGs, such as neurotrophin signaling pathway and mTOR signaling pathway. Fig. 4B shows the top 10 KEGG pathway enriched by ASGs.
High oxygen tension increases ROS generation in NP cells.
Several biological responses enriched by DEGs or ASGs were correlated with oxygen tension, such as cellular response to oxygen levels and cellular response to hypoxia. Also, biological responses related to redox homeostasis, including positive regulation of ROS metabolic process, glutathione metabolic process and cellular response to ROS, were identified. In fact, ROS production was dramatically increased by high oxygen tension in NP cells (Fig. 5A) . It was consistent with the upregulation of Nox4 and the downregulation of GPX1 in NP cells treated with high oxygen tension (Fig. 1) . Notably, hypoxia inducible factor-1 (HIF-1) signaling pathway was enriched by DEGs and ASGs. Therefore, we investigated the expression of HIF-1 in NP cells using RT-qPCR. Paradoxically, the expression of HIF-1 in NP cells subjected to 20% O 2 was significantly higher than that in NP cells under 1% O 2 (Fig. 5B) .
Effect of high oxygen tension on matrix metabolism of NP cells. GO terms and KEGG pathways associated with matrix metabolism of disc cells have been shown to be enriched by DEGs, including proteoglycan metabolic process, tissue remodeling and glycosaminoglycan biosynthesis. Thus, we investigated the expression of collagen type II and aggrecan in NP cells. We found that collagen type II and aggrecan were markedly upregulated by high oxygen tension (Fig. 6A) . However, two crucial matrix degradation proteases in IVDs, MMP13 and ADAMTS5 also were upregulated by high oxygen tension in NP cells (Fig. 6B) .
High oxygen tension arrested the G1/S transition of NP cell cycle. The proliferation of disc cells is crucial to the structural and functional maintenance of IVDs. The proliferation of NP cells depends on cell cycle progression. Interestingly, various GO terms and KEGG pathways enriched by DEGs or ASGs were associated with the cell cycle of NP cells, including cell cycle arrest, G1/S phase transition of cell cycle, regulation of cell growth, mitotic G1/S transition checkpoint and regulation of cyclin-dependent protein serine/threonine kinase activity involved in G1/S transition of mitotic cell cycle. Actually, the upregulation of p15 and GAS1 together with the downregulation of cyclin I in NP cells treated with high oxygen tension have been mentioned (Fig. 1) . At the same time, the G1/S phase transition of NP cell cycle was retarded by high oxygen tension (Fig. 7A) . As a result, the growth of NP cells was suppressed by high oxygen tension (Fig. 7B) . On the other hand, several GO terms, such as DNA damage response, G1 DNA damage checkpoint, signal transduction by p53 class mediator resulting in transcription of p21 class mediator and p53 signaling pathway, indicate that the cell cycle arrest of NP cells induced by high oxygen tension is potently associated with DNA damage checkpoint in G1/S transition.
Discussion
The viability and function of disc cells are essential to the homeostasis maintenance system of IVDs (36) . Investigating the effect of high oxygen tension on disc cells contributes to elucidating the role of high oxygen tension in the pathogenesis of IDD. Exposure of NP cells to high oxygen tension has been demonstrated as an effective method to increase ROS production and consequently cause oxidative stress in NP cells. Excessive ROS generation induced by high oxygen tension has been shown to reinforce the matrix catabolism and autophagy of NP cells (21, 22) . However, to our knowledge, there were no studies that analyze the gene expression profile of disc cells in response to high oxygen tension on a genome-wide scale. Moreover, the involvement of AS in regulating the response of disc cells to high oxygen tension remains unknown. Therefore, this study, for the first time, performed a genome-wide analysis to determine the global gene expression profile and AS in NP cells subjected to high oxygen tension. More than two thousand genes were significantly differentially expressed in NP cells subjected to high oxygen tension. The results of bioinformatics analysis revealed a wide role of high oxygen tension in regulating the viability and function of disc cells.
The involvement of AS in various diseases has aroused the interest of many studies. However, few studies investigated the role of AS in the pathogenesis of IDD. Our study provides a genome-wide view to analyze ASGs in NP cells treated with high oxygen tension, and 27004 ASEs derived from 8451 ASGs were determined. Nine of the 10 representative ASGs were confirmed by semi-quantitative RT-PCR. The results suggest the effect of high oxygen tension on the AS of NP cells. Among the 10 representative ASGs, ADAMTS9 is an aggrecanase, and growth and differentiation factor 15 is a member of TGF superfamily. Matrix proteases and growth factors have been demonstrated to be strongly associated with IDD (37, 38) . Furthermore, numerous GO terms and KEGG pathways enriched by ASGs were correlated with the pathogenesis of IDD, including regulation of autophagy, mTOR signaling pathway and neurotrophin signaling pathway. Disc cell autophagy has been demonstrated to be an essential event in the process of IDD. It is a double-edged sword. The appropriate autophagy promotes the survival of disc cells through self-digestion that protects disc cells from various stresses. However, excessive autophagy causes disc cell death to decrease the number of viable and functional cells in discs (20, 22, 39) . With regard to the mechanism underling disc cell autophagy, mTOR pathway is a crucial regulatory signaling pathway (40, 41) . Besides, neurotrophin is responsible for neuronal ingrowth in degenerative discs that contributes to pain sensation in LBP (42, 43) . In short, AS induced by high oxygen tension is widely involved in regulating the biological process and signaling pathways of disc cells and consequently affects the initiation and progression of IDD.
BMP4 has been reported to be associated with IDD (44). The possible involvement of BMP4 and its receptor in the chondrogenic progress of spondylosis also has been mentioned (45) . However, the precious role of BMP4 in the pathogenesis of IDD remains unclear. Another member of the BMP family, BMP3, has not been investigated in IVDs so far. Herein, both BMP3 and BMP4 were dramatically upregulated by high oxygen tension in NP cells. The GO term, regulation of BMP signaling pathway, was enriched by both DEGs and ASGs, suggesting that BMP3 and BMP4 are involved in regulating the responses of NP cells to high oxygen tension. Revealing the relationship between BMP and high oxygen tension extends our knowledge on the role of BMP in the pathogenesis of IDD.
Enhanced blood vessel ingrowth into NP is a crucial pathological characteristic of degenerative discs. Neovascularization leads to the exposure of disc cells to higher oxygen tension. VEGF, an angiogenic factor, has been demonstrated to induce neovascularization in herniated discs (43, 46) . NP cells upregulate the expression of VEGF in response to mechanical strain and pro-inflammatory cytokines, which enhances angiogenesis in IVDs (47, 48) . On the contrary, herein, we found that the expression of VEGF in NP cells was downregulated by high oxygen tension, suggesting that high oxygen tension suppresses angiogenesis in discs, probably forming a negative feedback. Therefore, the effect of high oxygen tension on neovascularization in degenerative discs should be assessed in further studies.
Consistent with previous studies (21, 22) , 20% O 2 significantly increased ROS levels in NP cells. The GO terms enriched by DEGs or ASGs, positive regulation of ROS metabolic process, cellular response to ROS and glutathione metabolic process, suggest that oxygen tension regulates the balance between antioxidant generation and ROS production in NP cells. The differential expression of Nox4 and GPX1 supports this idea further. Nox4 is a professional ROS-generating enzyme and a major source of intracellular ROS (49) . The upregulation of Nox4 induced by high oxygen tension can explain increased ROS production in NP cells subjected to high oxygen tension. On the other hand, GPX1, a major antioxidant gene, was markedly downregulated by high oxygen tension, indicating a decline in antioxidants of NP cells. In conclusion, high oxygen tension disturbs the redox homeostasis to arouse oxidative stress in NP cells. Besides, the expression of HIF-1 was paradoxically upregulated in NP cells exposed to high oxygen tension. This issue should be investigated further in depth.
The structural and functional maintenance of IVDs depends on the balance between the ECM anabolism and catabolism of discs. Noticeably, high oxygen tension not only upregulated the expression of aggrecan and collagen type II, but also upregulated the expression of MMP13 and ADAMTS5 in NP cells. High oxygen tension showed both anabolic and catabolic effects on the matrix metabolism of NP cells. Thus, we hypothesize that high oxygen tension accelerates matrix turnover of IVDs. Nevertheless, we still need more in vivo evidence to elucidate the comprehensive effect of high oxygen tension on matrix homeostasis of IVDs.
The proliferation of disc cells is crucial to maintaining the number of functional cells in IVDs. It relies on cell cycle progression of disc cells. In this study, as the GO terms, cell cycle arrest and G1/S phase transition of cell cycle, suggested, high oxygen tension regulated the expression of p15, GAS1 and cyclin I, and subsequently retarded the G1/S phase transition of NP cell cycle. As a consequence, the growth of NP cells was arrested. The detrimental effect of high oxygen tension on NP cell proliferation indicates that high oxygen tension may cause a decrease in the number of functional and viable cells in discs. Mechanistically, DNA damage is a widely known intrinsic trigger of cell cycle arrest. It activates the G1/S cell cycle checkpoint to retard cell cycle progression. Furthermore, ROS have been demonstrated as potent genotoxic agents (17, 50) . Therefore, it can be speculated that oxidative stress induced by high oxygen tension enhances DNA damage to arrest the cell cycle progression of NP cells from G1 to S phase.
There are several limitations in the current study. One limitation is that we investigated the effect of high oxygen tension on the global gene expression profile and AS of rat NP cells. Further studies based on human disc cells should be performed. On the other hand, this study elucidated the involvement of high oxygen tension in the establishment and progression of IDD sketchily. The precise roles of high oxygen tension in regulating the viability and function of disc cells and the pathogenesis of IDD are required to be discussed in detail.
In conclusion, high oxygen tension is widely involved in regulating various biological processes of NP cells through transcription regulation and AS regulation. Several processes are potently associated with the process of IDD. Specifically, it disturbs the redox homeostasis of NP cells and promotes matrix turnover in discs. Furthermore, high oxygen tension retards NP cell cycle progression from G1 to S phase, which consequently suppresses the growth of NP cells. High oxygen tension is a crucial driver to the disc cell-mediated IDD process.
